Olfactomedin is a secreted polymeric glycoprotein of unknown function, originally discovered at the mucociliary surface of the amphibian olfactory neuroepithelium and subsequently found throughout the mammalian brain. As a first step toward elucidating the function of olfactomedin, its phylogenetic history was examined to identify conserved structural motifs. Such conserved motifs may have functional significance and provide targets for future mutagenesis studies aimed at establishing the function of this protein. Previous studies revealed 33% amino acid sequence identity between rat and frog olfactomedins in their carboxyl terminal segments. Further analysis, however, reveals more extensive homologies throughout the molecule. Despite significant sequence divergence, cysteines essential for homopolymer formation such as the CXC motif near the amino terminus are conserved, as is the characteristic glycosylation pattern, suggesting that these posttranslational modifications are essential for function. Furthermore, evolutionary analysis of a region of 53 amino acids of fish, frog, rat, mouse, and human olfactomedins indicates that an ancestral olfactomedin gene arose before the evolution of terrestrial vertebrates and evolved independently in teleost, amphibian, and mammalian lineages. Indeed, a distant olfactomedin homolog was identified in Caenorhabditis elegans. Although the amino acid sequence of this invertebrate protein is longer and highly divergent compared with its vertebrate homologs, the protein from C. elegans shows remarkable similarities in terms of conserved motifs and posttranslational modification sites. Six universally conserved motifs were identified, and five of these are clustered in the carboxyl terminal half of the protein. Sequence comparisons indicate that evolution of the N-terminal half of the molecule involved extensive insertions and deletions; the C-terminal segment evolved mostly through point mutations, at least during vertebrate evolution. The widespread occurrence of olfactomedin among vertebrates and invertebrates underscores the notion that this protein has a function of universal importance. Furthermore, extensive modification of its N-terminal half and the acquisition of a C-terminal SDEL endoplasmic-reticulum-targeting sequence may have enabled olfactomedin to adopt new functions in the mammalian central nervous system.
Introduction
As genome-sequencing projects proceed at an unprecedented rate, increasing numbers of genes that encode proteins of unknown function are being discovered. These include a host of orphan receptors, transcription factors and proteins of which the functions are open to conjecture. Uncovering the functions of many of these novel gene products would increase our understanding and may change our current views of many cellular and intercellular processes. Evolutionary analysis is of value in this endeavor, since it can reveal conserved motifs throughout the phylogenetic history of a protein, thereby providing insights into its potential function or, at the very least, identifying domains as targets for future molecular studies, such as site-directed mutagenesis studies, to evaluate structure-function relationships. Here, we report a study on the molecular evolution of olfactomedin, an extracellular matrix protein of yet unknown function, thought to play an important role in olfaction, neurosecretion, and neural development.
The discovery of olfactomedin resulted from studies aimed at the identification of novel proteins involved in olfaction. A library of monoclonal antibodies was raised against chemosensory cilia from the frog (Rana catesbeiana) to find antigens uniquely associated with olfactory membranes (Anholt, Petro, and Rivers 1990) . A group of polypeptides that met this criterion appeared to consist of monomeric, dimeric, and polymeric forms of the same protein, which was named ''olfactomedin'' . Immunohistochemical studies showed that olfactomedin is synthesized in Bowman's glands and sustentacular cells of the olfactory epithelium and is secreted into the viscous lower mucus layer that surrounds the apical dendrites of olfactory neurons Bal and Anholt 1993) . In the frog, olfactomedin immunoreactivity was not detected in olfactory nerve membranes, nonchemosensory cilia from respiratory epithelium, or membranes from brain, heart, kidney, or lung (Anholt, Petro, and Rivers 1990) . Subsequently, molecular cloning of olfactomedin showed its amino acid sequence to have no homologies to any other known protein (Yokoe and Anholt 1993) .
Based on the sequence of the mature polypeptide (448 amino acids), together with previous biochemical and immunohistochemical observations, a structural model was proposed in which cysteines at positions 160, 177, 283, and 290 form intramolecular disulfide bonds dividing the molecule into central ''head'' and ''neck'' loops and two ''legs'' of similar length. The N-terminal leg contains two nearby cysteines, each forming disulfide bonds with an adjacent olfactomedin molecule. An additional disulfide bond is made by cysteine 377 on the C-terminal leg, creating large polymers that constitute the architecture of the extracellular matrix of the chemosensory interface of the olfactory epithelium (Yokoe and Anholt 1993) . Olfactomedin contains six potential Nlinked glycosylation sites scattered throughout its sequence, and all of them carry carbohydrate moieties (Bal and Anholt 1993) .
Despite a wealth of structural information, the function of olfactomedin remains unknown. By analogy to functions of other extracellular matrix proteins of the nervous system, it was proposed that olfactomedin might play a neurotropic role during development of the apical olfactory dendrite (Yokoe and Anholt 1993) . Adult olfactory neurons undergo continuous replacement from a population of neurogenic stem cells (Graziadei and Monti-Graziadei 1978, 1979; Farbman 1990; Calof et al. 1996) . Whereas questions about axon sorting during formation of the primary olfactory projection have received considerable interest (Ngai et al. 1993; Vassar et al. 1994; Mombaerts et al. 1996) , little attention has been paid to neurotropic signals that induce differentiation of the apical dendrite to form a knob with chemosensory cilia that mediate odor recognition and olfactory transduction (reviewed by Firestein 1991; Anholt 1993; Axel 1995; Buck 1996) . The existence of such signals is inferred from the necessity of a nascent dendrite in vivo to sense its arrival at the mucociliary surface and the failure of isolated olfactory neurons in long-term cell cultures to develop ciliated dendritic knobs (Calof and Chikaraishi 1989; Ronnett, Hester, and Snyder 1991; Calof et al., 1996) . It has been estimated that olfactomedin makes up 5% of the total tissue protein in membrane homogenates from frog olfactory tissue (Bal and Anholt 1993) . As a prominent component of the extracellular mucus matrix, olfactomedin would be in an ideal position to deliver such a dendritic differentiation signal.
The hypothesis that olfactomedin might play a role in neuronal growth and differentiation received support from the subsequent discovery of an olfactomedin homolog in the mammalian brain. In the rat central nervous system, Danielson et al. (1994) discovered four glycoproteins, splice variants encoded by a single gene, that are expressed throughout the brain and in neuroendocrine tissues such as the anterior pituitary and adrenal glands. Based on in situ hybridization patterns, they concluded that these glycoproteins are produced by neurons. They further observed that the longest of these glycoproteins (the AMZ protein) shares 33% sequence identity at its carboxyl terminal end with the carboxyl terminal half of frog olfactomedin. Using the rat AMZ protein as a probe, we identified an olfactomedin homolog from a mouse olfactory cDNA library. Examination of the GenBank database revealed additional homologs: an open reading frame from a cosmid (Wilson et al. 1994) of Caenorhabditis elegans, as well as partial cDNA sequences from fish pituitary and human brain libraries. To set the stage for studies aimed at elucidating the function of olfactomedin, sequences of all known olfactomedin homologs were examined to identify conserved motifs.
This paper reports that sequence homologies between the amphibian protein and its rodent counterparts are far more extensive than previously appreciated (Danielson et al. 1994) and not only cover the C-terminal region, but extend throughout the entire molecule. Furthermore, identification of a distant olfactomedin relative in C. elegans and sequence comparisons among vertebrate olfactomedins indicate one highly conserved motif near the amino terminus and five conserved domains in the carboxyl terminal half of the protein. Evolution of the N-terminal half of olfactomedin is characterized by large insertions of amino acids, in sharp contrast to the C-terminal half, which shows greater sequence conservation, suggesting that this extracellular protein may have acquired new functions during its evolution.
Methods
The following olfactomedin amino acid sequences were analyzed (GenBank accession numbers appear in parentheses): the sequence of frog (Rana catesbeiana) olfactomedin obtained from an olfactory cDNA clone (L13595; Yokoe and Anholt 1993) ; the sequence of the rat (Rattus norvegicus) AMZ protein, an olfactomedin homolog identified from brain cDNA (U03416; Danielson et al. 1994) ; the translated partial sequence of an olfactomedin homolog from halibut (Hippoglossus hippoglossus) pituitary (T23140, unpublished sequence, Zhiyuan Gong, National University of Singapore, 1994) ; the translated partial sequence of a human (Homo sapiens) olfactomedin homolog from an infant brain cDNA library (H10467; unpublished sequence, Hillier et al., the Washington University Merck EST Project, 1995); and the sequence of an olfactomedin homolog from C. elegans (Z81499; coding sequence in cosmid F11C3, Nematode Sequencing Project; Wilson et al. 1994) .
A probe corresponding to the carboxyl terminal region of the rat AMZ protein, kindly donated by Dr. Patria Danielson (The Scripps Research Institute, La Jolla, Calif.), was used to screen a mouse olfactory cDNA library constructed in Lambda ZAPII (Stratagene, La Jolla, Calif.). Standard molecular biological procedures were performed as described by Sambrook, Fritsch, and Maniatis (1989) . A clone with a full-length open reading frame was isolated and sequenced at the DNA Sequencing Facility of Iowa State University (Ames, Iowa).
Carboxyl terminal sequence homologies between amphibian and rodent olfactomedins were identified with the BLAST program (Altschul et al. 1990) , and their alignment was verified by eye. To enable a comparison between vertebrate olfactomedins and a longer, distant homolog from C. elegans, sequences were scaled to 100% of their lengths. The relative positions of conserved sequence motifs and posttranslational modification sites were then placed along linear maps of the scaled sequences. Consensus glycosylation sites and leader sequences were verified with the PC/Gene program from IntelliGenetics, Inc. (Mountain View, Calif.). Aligned sequences were analyzed with the Molecular Evolutionary Genetics Analysis program, version 1.02 (Kumar, Tamura, and Nei 1993) . Figure 1 shows the alignment of the complete amino acid sequences of frog olfactomedin and its rat homolog. Previously, Danielson et al. (1994) observed 33% sequence identity between the carboxyl terminal regions of frog olfactomedin and the rat AMZ protein.
Results
Reexamination of sequence homologies between these sequences indicates that homology between these pro-FIG. 1.-Alignment of the amino acid sequences of frog and rat olfactomedin. Leader peptides are indicated in italics by the boxed areas. The leader peptide of frog olfactomedin was empirically determined (Yokoe and Anholt, 1993) . The leader peptide of rat olfactomedin was assigned according to Von Heyne's (1986) rules as reported previously (Danielson et al. 1994) . The carboxyl terminal SDEL endoplasmic reticulum targeting sequence in rat olfactomedin is in italics and underlined. Identical amino acids are highlighted in bold print.
teins is far more extensive than previously appreciated, although less obvious in the N-terminal halves of the molecules. With the introduction of gaps in the sequences, 54% overall similarity and 24% amino acid identity is found scattered throughout the entire molecule, albeit more prominently near the carboxyl terminal half. Moreover, cysteines essential for the formation of characteristic homopolymers are conserved, as are many of the glycosylation sites. This can be illustrated by fitting the sequence of rat olfactomedin to the previously proposed structural model of frog olfactomedin (Yokoe and Anholt 1993;  fig. 2 ). It is clear that cysteines of the CXC motif near the amino terminus are conserved. These cysteines form neighboring disulfides with an adjacent olfactomedin molecule creating a stable homodimer Yokoe and Anholt 1993) . A cysteine on the opposite carboxyl terminal leg is also conserved and is responsible for linking the homodimers together as polymers Yokoe and Anholt 1993) . The glycosylation pattern also appears to be highly conserved. Carbohydrate moieties 2, 3, 5, and 6 of frog olfactomedin ( fig. 2A) the head region of olfactomedin back on itself across the central axis of the molecule would superimpose carbohydrate moiety 4 in figure 2A on moiety IV in figure  2B . Similarly, intertwining of the amino terminal and carboxyl terminal legs would make the positions of carbohydrate moieties 1 ( fig. 1A ) and VI and/or VII (fig. 1B) comparable. Thus, despite considerable sequence divergence between frog and rodent olfactomedins, posttranslational modifications that enable the formation of disulfide-linked polymers with distinct glycosylation patterns are accurately preserved. In contrast, intramolecular disulfides of frog olfactomedin that generate the head and neck domains are absent from the mammalian homolog, suggesting that these disulfides are not essential, although they may help stabilize the conformation of amphibian olfactomedin.
To verify that olfactomedin in the rodent, as in the frog, is also expressed in olfactory tissue, a cDNA clone encoding olfactomedin was isolated from a mouse olfactory cDNA library. Sequence analysis of this clone revealed that it is closely related to the rat AMZ protein, showing 99.1% amino acid sequence identity. Of 40 nucleotide substitutions between rat and mouse, 36 are in silent third codon positions. Only four amino acids were different between rat and mouse olfactomedin, at positions 106, 183, 302, and 402 (using the numbering for the rat sequence shown in fig. 1 ). At these positions, the mouse sequence has threonine, serine, methionine, and arginine, respectively.
To extend our analysis of the evolution of olfactomedin, partial sequences from fish, human, rat, and frog olfactomedin were aligned. Sequence information about the region corresponding to residues 293 and 343 of frog olfactomedin (Yokoe and Anholt 1993 ) is available for all five species. Sequence alignments of this region are shown in figure 3 , and the percentages of sequence identities between these sequences are presented in table 1. Within this region, seven invariant amino acid residues are evident, including hydrophobic residues leu 295 , leu 306 , and ala 309 and a cluster of negatively charged residues between positions 324 and 331 forming the motif DXDXXXDE, in which X is apolar (numbering is according to the frog olfactomedin sequence). The occurrence of this invariant cluster of negatively charged residues in all four vertebrate species suggests that it may play an important structural and/or functional role. Amino acid conservation between frog and fish is no greater than that between frog and rat, showing 24.5% and 32.7% sequence identities, respectively (table 1). In contrast, human and rat olfactomedins are closely related, showing 98.1% identity over this region and 96.8% identity when compared over a longer sequence including an additional 71 amino acids toward the carboxyl terminus. When nucleotide differences between rat and human olfactomedin cDNAs are analyzed, 51 base substitutions are found within a sequence of 373 nucleotides. Of these substitutions, 82% occur in third codon positions and do not alter the amino acid sequence. Evolutionary distances at the DNA level were estimated for the sequences in figure 3 based on the twoparameter maximum-likelihood model of Kimura (1980) , removing gap sites only in pairwise comparisons. Poisson-corrected amino acid substitutions were used to estimate evolutionary distances at the protein level. Rates of evolution calculated as nonsynonymous amino acid substitutions per site per 10 9 years are presented in table 2. At the amino acid level, there are no statistically significant differences between evolutionary rates between teleosts and amphibia or between teleosts and mammals. From Table 2 , we calculate that the evolutionary rate between fish and frog is 0.004%/Myr, compared to 0.0015%/Myr for the evolutionary rate between rat and human. This suggests that evolution of the protein within the mammalian lineage has slowed during the last 80 Myr. However, it is not clear whether these differences in evolutionary rates are significant, since we are not able, at present, to distinguish between orthologous and paralogous relationships among olfactomedins.
Our data suggest that vertebrate olfactomedins evolved from an ancestral gene that predates the evolution of terrestrial vertebrates about 400 MYA (table  1) . The analysis presented in table 1 led us to hypothesize that olfactomedin homologs may also occur in invertebrates. Indeed, a search through the GenBank database revealed a coding sequence of C. elegans that encodes a distant homolog of the vertebrate olfactomedins. This gene encodes a protein of 654 amino acids, 30% longer than the vertebrate olfactomedins. To identify conserved features between vertebrate olfactomedins and their nematode homolog, amino acid sequences of each species were scaled to 100%, and conserved motifs, sulfhydryls, and glycosylation sites were FIG. 4 .-Relative alignments of the amino acid sequences of Caenorhabditis elegans, frog, rat, and mouse olfactomedins. To accommodate the varying lengths of the amino acid sequences, they were standardized to a scale of 100% of their lengths for each species. Relative locations of cysteines are shown as red circles, and glycosylation sites are shown as blue diamonds. Markers 1-6 indicate areas of highly conserved sequences which are identified below the diagrams. Rat and mouse sequences are identical for all of these conserved motifs. Amino acids shown in green are identical for all four species. Amino acids shown in magenta are the same among three of the four species examined. mapped to the scaled sequences ( fig. 4) . Six highly conserved sequence motifs were identified at similar relative locations. One conserved motif occurs near the Nterminus, and the other five are clustered in the C-terminal half of the protein. The DXDXXXDE motif described above is contained in conserved motif 3 and is also present in C. elegans. The C. elegans protein has 10 potential N-linked glycosylation sites, evenly spaced throughout the molecule as is the case for vertebrate olfactomedins. Glycosylation sites near motifs 2, 5, and 6 occur at similar relative locations in mammalian olfactomedins and the protein from C. elegans (fig. 4) . Similarly, a single N-terminal CXC motif is apparent for the C. elegans homolog, as is a highly conserved sulfhydryl in conserved motif 5, proposed to participate in the formation of homopolymers (Yokoe and Anholt 1993) . Thus, despite considerable sequence diversity and difference in polypeptide length, the structural organization of this invertebrate olfactomedin shows remarkable similarities to those of its vertebrate homologs.
Discussion
We investigated evolutionary relationships among vertebrate olfactomedins by comparing the sequences of fish, frog, rat, mouse, and human olfactomedins. Despite considerable amino acid sequence divergence between frog and rat, we identified several invariant motifs, including the CXC motif on the amino terminal leg and a cysteine on the C-terminal leg for the formation of homopolymers, and NX(T/S) consensus glycosylation sites that preserve a distinct pattern of glycosylation (figs. 1 and 2; Bal and Anholt 1993; Yokoe and Anholt 1993) . The evolution of olfactomedin within the mammalian lineage appears to be subject to a strong evolutionary pressure toward conservation of primary structure. Since we cannot, at present, discriminate paralogous genes from orthologous genes, it is difficult to draw solid conclusions regarding evolutionary constraints from calculations of evolutionary rates. Nonetheless, a constant rate of substitutions would predict approximately 14% amino acid sequence divergence between human and ro-dent olfactomedins. Instead, only 2% divergence is observed, with the vast majority of nucleotide substitutions occurring in silent third codon positions. Invariant structural motifs, such as the six motifs identified in figure  4 , the CXC sequence, the conserved sulfhydryl in the carboxyl terminal leg, and the glycosylation pattern, are likely to be functionally important and can serve as foci for future studies exploring structure/function relationships.
Evolutionary analysis indicated that an ancestral olfactomedin gene arose before the evolution of terrestrial vertebrates and proceeded to evolve independently in teleost, amphibian, and mammalian lineages. Indeed, a distant homolog of olfactomedin was identified in C. elegans. The overall amino acid sequence of this invertebrate protein was longer and highly divergent compared with its vertebrate homologs. Conserved motifs, however, could be identified and mapped relative to the length of the polypeptide (fig. 4 ). This analysis revealed that the protein from C. elegans shows remarkable similarities in terms of conserved motifs and posttranslational modification sites. Most of the conserved motifs occur in the carboxyl terminal half of the protein, in line with the strong homology observed in this region between frog and rat olfactomedins (Danielson et al. 1994) . Thus, it appears that the N-terminal half of the molecule has undergone more rapid evolution, characterized by insertions and deletions, than the C-terminal region, which evolved slower, mostly through point mutations, at least during vertebrate evolution. As discussed below, it is conceivable that evolution of the Nterminal half of olfactomedin may have enabled the acquisition of new functions. The identification of an olfactomedin homolog in C. elegans predicts that a similar protein may also exist in Drosophila melanogaster. The identification of olfactomedin in model organisms that can be readily manipulated genetically can accelerate investigations of its function.
In addition to structural similarities, amphibian and mammalian olfactomedins also show differences. Cysteines at positions 283 and 290 of frog olfactomedin, which form intramolecular disulfides to create the proposed head and neck regions (Yokoe and Anholt 1993) , are missing in its mammalian homolog. This indicates either that the proposed positions of intramolecular disulfides in the frog molecule have to be reevaluated or that these intramolecular disulfide bonds are not a priori essential for the functional conformation of olfactomedin. Furthermore, the endoplasmic reticulum targeting sequence SDEL at the carboxyl terminus of rat olfactomedin does not occur in the protein from frog. This suggests either that secretion of amphibian olfactomedin is controlled by different, as yet unidentified, targeting sequences within the molecule, or simply that the polypeptide is secreted via a default pathway which does not need to be specified by an intracellular trafficking signal.
Previous studies have shown that mammalian olfactomedin occurs throughout the central nervous system (CNS) and in neuroendocrine glands, such as the anterior pituitary and adrenal glands (Danielson et al. 1994) . Sustentacular cells of the olfactory neuroepithelium and Bowman's glands, which are the source of frog olfactomedin Bal and Anholt 1993) , are also derived from neural ectoderm. The close association of olfactomedin with chemosensory dendritic endings of olfactory neurons Bal and Anholt 1993) , as mentioned earlier, suggests that olfactomedin exerts a neurotrophic or neurotropic effect on these neurons. It is of interest to note that, thus far, olfactomedin homologs have been found in CNS neurons only in mammalian species (Danielson et al. 1994 ). The fish homolog was identified from halibut pituitary cDNA, and frog olfactomedin has been found only in olfactory tissue (Anholt, Petro, and Rivers 1990; Snyder et al. 1991; Yokoe and Anholt 1993) . The expression pattern of the olfactomedin homolog in C. elegans remains to be determined.
Recently, the trabecular-meshwork-inducible glucocorticoid response gene (TIGR) in the eye was shown to contain olfactomedin homology domains. Mutations in these olfactomedin-related domains of TIGR correlate closely with a large fraction of cases of primary openangle glaucoma, a leading cause of blindness and a disease that strikes 1 out of every 100 individuals over the age of 40 years (Adam et al. 1997; Polanski et al. 1997; Stone et al. 1997) . Like olfactomedin, this protein is associated with ciliary structures, i.e., the ciliary rootlet in the rod photoreceptor cell (Kubota et al. 1997) . It is therefore possible that the conserved motifs which we identified ( fig. 4 ) may occur in families of related proteins. A complete characterization of the many proteins that contain olfactomedin homology domains in the species examined in this paper will be needed to construct a more accurate phylogenetic history and to determine unambiguously whether the olfactomedins we analyzed are encoded by orthologous or, possibly, paralogous genes.
Failure of immunochemical studies to detect olfactomedin in frog brain tissue may be due to tissue-specific glycosylation and the fact that unique carbohydrate moieties dominate the immunogenicity of olfactomedin (Anholt, Petro, and Rivers 1990; Snyder et al. 1991) . Olfactomedin is produced in vast quantities in frog olfactory tissue, representing approximately 5% of total tissue protein ). Thus, it is possible, although unlikely, that the failure to detect olfactomedin mRNA in frog brain previously by northern blotting (Yokoe and Anholt 1993 ) may have been due to insufficient exposure of the blots because of the great abundance and easy detection of olfactomedin message in olfactory tissue. A more plausible possibility, however, is that in teleosts and amphibia, olfactomedin might fulfill a function restricted only to neurosecretory tissues, but that during evolution of the mammalian brain, olfactomedin acquired a broader function, utilized also by the nervous system. The expression of olfactomedin in neurons would necessitate the acquisition of the SDEL intracellular trafficking signal, and consolidation of a new neural function would constrain its mutation rate. Preservation of the characteristic carbohydrate groups and the sulfhydryls that are essential for polymerization indicates that these posttranslational modifications are essential for functional integrity. The functions of the six conserved motifs remain unknown. One possibility is that they may be necessary for protein-protein interactions either with other proteins or with adjacent olfactomedin molecules of the homooligomeric array.
The hypothesis that olfactomedin could perform multiple functions in neural and neuroendocrine tissues gains some support from the existence of splice variants (Danielson et al. 1994 ). In the rat brain, olfactomedin can be expressed as either a full-length (Z) or a truncated (Y) form. Whereas each of these forms share the same core region (M), they can be coupled to either one of two different amino termini, mostly encoding leader peptide sequences (A and B) . Thus, differential splicing gives rise to four splice variants (Danielson et al. 1994) . Two different leader peptides have also been observed for frog olfactomedin (Yokoe and Anholt 1993) . The significance of differences in leader peptide is not clear, but may bear on translational control or intracellular trafficking. Interestingly, in the rat pituitary gland, only the A form has been observed, whereas in the adrenal gland, only the B form is found (Danielson et al. 1994) . The truncated forms of olfactomedin are especially intriguing in that they contain the CXC motif essential for the formation of olfactomedin dimers but lack several of the conserved motifs in the carboxyl terminal region of the molecule, including the sulfhydryl group that mediates the formation of oligomers. The coexpression of truncated and full-length forms of olfactomedin in the mammalian brain lends credence to the notion that different functions could be associated with the amino terminal and carboxyl terminal segments of the protein.
First identified in frog olfactory mucus, it is now clear that olfactomedin occurs universally and is widely expressed in the mammalian brain. The evolutionary analysis presented in this paper has delineated several conserved motifs as targets for future functional studies on this intriguing newly discovered extracellular matrix protein.
